online | memorias.ioc.fiocruz.br Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 107(Suppl. I): 68-73, 2012 Leprosy is predominantly a disease of the peripheral nervous system, although most of the established diagnostic criteria are related to the skin lesions themselves. Mycobacterium leprae has the unique capacity to invade Schwann cells (Rambukkanna et al. 2000) and this invasion causes nerve damage and sensory impairments that are central to the pathogenesis and clinical manifestations of the disease. A primary sign of leprosy is the loss of sensation in a skin lesion or in an area innervated by an affected peripheral nerve trunk (Saunderson & Groenen 2000) .
The presence of M. leprae in the peripheral nerve tissue elicits an inflammatory response that is composed of either epithelioid granuloma with lymphocytes or acid fast bacilli (AFB)-loaded macrophages (Shetty & Antia 1997) . The inflammatory infiltrate produced also affects both the cutaneous nerve endings that surround adnexal structures and the microvasculature, as well as the intraepidermal nerve fibres (Antunes et al. 1997) .
Understand the mechanisms that enable peripheral neurons to regenerate is needed to identify methods of improving this regeneration. The literature contains few studies of nerve regeneration in leprosy. Most of these studies are restricted to the peripheral nerve trunks, with little reference to the regeneration of cutaneous nerves (Job & Desikan 1968 , Dastur et al. 1970 , Junqueira et al. 1980 , Jacobs et al. 1993 . Nerve fibres regenerate slowly in leprosy and the process is inefficient because of endoneurial fibrosis. Although nerve regeneration has been observed in the nerve trunks of the lower limbs of leprosy patients (LPs), this regenerative process appears to be functionally ineffective, as the sensory impairment persists after treatment (Miko et al. 1993) .
Cutaneous nerve fibre expression of the protein gene product (PGP) 9.5 and the nerve growth factor receptors (NGFr) are used as markers for small nerve fibre neuropathy and to diagnose and stage the peripheral neuropathy (Lauria et al. 2005) . The use of PGP 9.5 immunolabelling provides a well-characterised and reliable method of identifying most of, if not all, the nerve fibres in the human skin (Kelly et al. 2005) . The p75 pan-neurotrophin receptor (the low-affinity form of NGFr) immunoreactivity in the Schwann cell membrane and on the axonal membrane of the cutaneous nerve fibres suggests an active role in the control and maintenance of normal sensory innervation (Liang & Johansson 1998) .
The aim of the present study was to ascertain the sensory function recovery in skin lesions by comparing the sensory status before and after multidrug therapy (MDT) and by correlating improvements in sensory function with the cutaneous nerve branch damage index (CNDI) assigned during the histopathological examination of cutaneous biopsy specimens. In addition, the PGP 9.5 and NGFr-immunolabelled nerve fibres were quantified in cryosections of skin biopsies to assess the nerve regeneration in the leprosy skin lesions after treatment. 
SUBJECTS, MATERIALS AND METHODS
Forty-five untreated LPs aged 12-78 years (mean = 41.8 ± 17.43 years, 52% male) from the Souza Araújo Outpatient Clinic, Oswaldo Cruz Institute, Oswaldo Cruz Foundation (Fiocruz), Rio de Janeiro, were included in the study. The patients who had leprosy reactions at diagnosis were excluded from the study.
The numbers and morphology of the cutaneous lesions were recorded. Sensory evaluations of the skin lesions were performed by a well-trained physiotherapist using the pinprick test for pain sensation assessment, testing ether for cold thermal sensation [which measures sensation to 20ºC (NIOSH 2010) ] and the Semmes-Weinstein monofilament test (MFT) for assessing tactile sensation. Thermal and pain sensation were compared to the normal skin surrounding the lesion or to the opposite side of the body and were classified as abolished, diminished or preserved. Tactile sensations were classified according to the monofilament force felt by the patient (0 = no sensation, 1 = 300 g, 2 = 4 g, 3 = 2 g, 4 = 0.2 g and 5 = 0.05 g). The lesion with the maximal degree of sensory impairment was selected. Later recovery of a sensory function was designated when evidence of improvement from "abolished" to "partial" sensation or from "partial" to "normal" sensation was observed during the final evaluation. In addition, a 2-point increase in the final MFT was also considered to mark the recovery of tactile sensation.
Slit-skin smears were obtained from all of patients to evaluate the bacterial index (BI). A skin biopsy was performed using a 6-mm punch from the most actively affected area of the lesion. The patients were classified according to the Ridley and Jopling criteria (1966) and were treated following Ministry of Health (MS 2004) guidelines with either paucibacillary (PB) or multibacillary (MB) regimens according to their BI result. A complete evaluation was performed at the end of the MDT (after the skin changes were recorded).
Conventional histopathological evaluation with haematoxylin-eosin (H&E) and Wade staining was performed and evaluated by trained pathologists. The presence, type and localisation of the inflammatory infiltrate were registered and the morphological aspects of the cutaneous nerve branches were studied under light microscopy using 10X, 20X and 40X objective lenses. A CNDI was obtained in each biopsy from the ratio between the number of cutaneous nerve branches affected by inflammation (surrounded and/or invaded by the inflammatory infiltrate) and the total number of visible cutaneous nerve branches in the whole biopsy section. The CNDI was categorised into the following groups based on the values obtained: not available, no cutaneous branches were observed, low, the index was between 0.1-0.5, and high, the CNDI was between 0.6-1. The type of inflammatory infiltrates (epithelioid granuloma, AFB-loaded macrophages or mononuclear cell infiltrate) that were associated with the cutaneous nerve branches was also recorded.
Immunohistochemical study -A subgroup of 13 patients with no leprosy reactions during the course of the MDT also had skin biopsies taken at the discharge visit after completing the MDT.
Immunohistochemical labelling for two neural markers, PGP 9.5 and p75 NGFr was performed in a portion of the skin biopsy according to Antunes et al. (1997) . The samples were fixed in Lana's solution, snap-frozen and stored in liquid nitrogen until processing. The biopsy specimens were cut in a Leica cryostat; the sections were thawed on silane-coated glass slides, allowed to dry and incubated with phosphate buffered saline 0.01M and blocked with normal swine serum for 10 min. The primary antibodies (rabbit anti-PGP 9.5, 1:400 diluted, Ultraclone, Cambridge, England; anti-NGFr 1:50, DAKO, Carpenteria, USA) were applied and left overnight at 4ºC in a humid chamber. Swine anti-rabbit immunoglobulinfluorescein isothiocyanate and swine anti-mouse-tetramethylrhodamine isothiocyanate were used as conjugates for PGP 9.5 and NGFr antibodies, respectively.
Computer-assisted image analyses quantification of the immunostained nerve fibres in the fields captured by a digital camera were performed using the ImagePro ® software (Media Cybernetics, Rockville, Maryland, USA). Four fields (2 comprising the superior dermis and 2 covering the inferior dermis) were examined under 20X objective lenses to detect and calculate the PGP and NGFr-immunoreactive areas. The cutaneous neural occupation ratio (CNOR) of each captured image was calculated as the ratio between the area of immunoreactive fibres and the whole evaluated area. Thus, CNOR is a quantitative indicator of the cutaneous innervation of each biopsy. To compare CNOR to other variables, it was arbitrarily classified into high or low if it was higher or lower than the median, respectively.
To maintain objectivity, the technician and pathologist who performed the morphometry and the quantification of the immunostained fibres were blinded to the clinical evaluation results.
Data analyses were performed using Open Source Epidemiologic Statistics for Public Health v. 2.3.1 (openepi.com/OE2.3/Menu/OpenEpiMenu.htm) and STA-TA/SE 8.0 for Windows (StataCorp, Texas, USA). The distribution frequencies were calculated for the different variables. Associations between variables were assessed using Mantel-Haenszel chi-squared (MH χ 2 ) test and the two-tailed Fisher's exact test. Comparisons between the variables before and after the MDT were made using the Wilcoxon signed-rank test and a 1-tailed Fisher's exact test. The CNDI was compared with the degree of cutaneous sensory impairment, with the type of infiltrate observed in the lesions and with the CNOR.
Ethics -All of the procedures were in accordance with the ethical standards of the Fiocruz Research Ethical Committee and the Helsinki Declaration of 1975, as revised in 1983. All of the subjects provided written informed consent.
RESULTS
The patients were classified as indeterminate (3), borderline tuberculoid (35), borderline-borderline (1), borderline lepromatous (3) and lepromatous (3). Thirtyseven patients received the PB regimen for six months and eight patients received the MB treatment for 12 months, as recommended by the MS guidelines (2004).
Only four patients had leprosy reactions during the MDT; they were treated with oral prednisone.
On average, the patients had five lesions (1 to > 20 range). Most of the patients (64%) had erythematous plaques. The selected lesions were located mainly in the upper and lower extremities (84%), followed by the trunk and the face.
At the diagnosis, all of the patients had thermal and pain sensory impairments in the selected lesions, but nine had normal tactile function (Table I) . Cold thermosensation was abolished in most of the patients (94%), pain sensation was abolished in 81% and tactile sensation was abolished in 11%.
Although the patients did not recover normal thermal and pain sensations in the skin lesions at the follow-up evaluation, 14 (41%) patients recovered some cold thermosensation and 13 (38%) patients partially recovered pain sensation ( Table I ). All of the patients with thermal (n = 2) or pain (n = 6) hypoesthesia at diagnosis remained the same after completing the MDT. Only two patients recovered normal tactile sensation in the skin lesion and half of the patients with initially-abolished tactile sensation (2/4) reported partial recovery. However, of the 19 patients who still suffered from tactile hypoesthesia, five (26%) recovered more than two points in the MFT. Of the four patients who developed reactions during the MDT, two patients recovered their abolished sensations, one partially recovered pain sensation and one recovered some tactile sensation. No significant differences were observed in the recovery of thermal, pain or tactile sensations between the patients with or without reaction (p = 0.095, p = 0.481 and p = 0.635, respectively).
Inflammatory infiltrate was observed in 34/45 (76%) samples under light microscopy. No differences were observed between the type of lesion and the presence of inflammatory infiltrate (MH χ 2 = 0.36, Fisher's exact test = 0.795). Mononuclear infiltrates (lymphocytes and macrophages) were observed in 10 samples. Although epithelioid granulomas were more frequently observed in the samples obtained from plaques (n = 17, 50%) than in those obtained from skin patches (n = 7, 21%), these differences were not statistically significant (MH χ 2 = 1.302, Fisher exact p = 0.4416). Following the Wade staining, AFB was observed in eight biopsy samples, ranging from 1+ to 5+ (mean = 3.375).
Cutaneous nerve branches were observed in 38 (84%) samples (Fig. 1A, B) . A mean of 2.5 (minimum = 1, maximum = 11) dermal nerve branches were observed per sample; most were affected by inflammatory infiltrate. Only five (11%) samples were not invaded or surrounded by inflammatory cells. However, a significantly higher index was observed in the branches with inflammation (MH χ 2 = 7.48, Fisher exact = 0.02) that were obtained from the plaque biopsies (22/38, 58%) than in those obtained from the maculae biopsies (9/38, 24%). In addition, significantly higher (MH χ 2 = 7.665, Fisher exact = 0.040) CNDIs were observed in the biopsies with epithelioid granulomas (24/24, 100%) than in the biopsies with mononuclear infiltrate (7/10, 70%).
Comparisons between the sensory status of the skin lesion and the index of the affected nerves demonstrated no significant differences in the CNDI by degree of loss of thermal, pain or tactile sensation at either evaluation (Table II) . Nonetheless, the highest proportions of high CNDI were observed in the patients who had abolished thermal (24/32, 75%), pain (21/28, 75%) and tactile (4/4, 100%) sensations. In addition, the presence of a high CNDI did not prevent any type of functional recovery. Eight of the 25 patients who had high CNDIs at diagnosis recovered some thermal and pain sensation (32%), but only four (16%) patients recovered tactile sensation. A higher proportion of the patients with low CNDI at diagnosis (50%, 2/4) recovered their thermal and pain sensations, but none recovered tactile sensation.
Recovery of the nerve fibres was observed in five (39%) of the 13 samples that were taken from patients a: sensation of monofilaments 1-4 (300-0.2g) was considered as hypoesthesia.
after completing the MDT. However, no nerve fibres were observed in three (23%) biopsy specimens from lesions in which the nerve fibres were observed in the first sample. A total of 6/9 (67%) lesions that had inflammatory infiltrate at the first evaluation recovered or maintained the same number of nerve fibres. No significant differences were observed in the nerve fibres of the four samples with no inflammatory infiltrate, two of which had no visible nerve fibres at both time points. On average, 11% of the dermal area of the biopsy sections was immunostained against PGP 9.5 (Fig. 1C) and 26% against p75 NGFr (Fig. 1E) . All of the PGP 9.5 immunostained samples with low CNDI (n = 2) also had low CNOR, but 29% of the samples with high CNDI also had low CNOR. Interestingly, 50% of the NGFr immunostained samples with high CNDI had low CNOR and 67% of the samples with low CNDI had high CNOR.
The PGP 9.5 immunostained area was slightly reduced in six patients in the follow-up biopsy specimen (mean = 9% of positive area) as a result of a decrease in the immunoreactive area. However, in p75 NGFr-stained biopsies, the mean CNOR increased (33%). However, no significant differences were found in the CNOR between the two biopsies (Fig. 2) , as shown with the PGP 9.5 immunostaining (Z = -1.38, p = 0.097) or with the NGFr immunostaining (Z = -0.53, p = 0.319).
DISCUSSION
Variable recovery of sensory function in the skin lesion after completing the MDT was seen in the present sample and the results differed by sensory functions. No worsening of sensation status was reported after the MDT, even in those patients who had experienced a leprosy reaction. Although the reliability of clinical diagnosis based on pain and thermal testing of skin lesions has been found to be low (Jain et al. 1986 ), the use of Semmes-Weinstein monofilaments for the evaluation of tactile sensory function is highly reliable (Birke et al. 2000) . Sensory testing in the present study was performed by the same physiotherapist following the same technique each time, thus the observed recovery of sensory functions was considered consistent.
The pattern of sensory loss observed in the skin lesions of the patients in the present study is consistent with knowledge of the nerve damage produced by leprosy. M. leprae is harboured in both non-myelinating and myelinating Schwann cells, but because it is an obligate intracellular bacterium, it needs to invade unmyelinating cells to survive within the peripheral nervous system (Rambukkana et al. 2002) . As a result, small nerve fibers are easily affected. This is observed clinically by the early loss of sensation to thermal or noxious stimuli.
During the progression of the infection, M. leprae induces demyelination and axonal damage in order to provide a sufficient intracellular niche for bacterial survival (Rambukkana et al. 2002) . Tactile sensation, which is conducted by large myelinated axons, is affected later in the disease, which explains the reduced damage to this sensory modality -relative to nociception and thermosensation -that was observed in this sample.
While sensory function impairment was verified clinically, it could not be significantly associated with the histopathology findings. The highest CNDIs were observed in those sections of the lesion with abolished thermal and pain sensations. Other authors have found that higher proportions of nerve bundles are affected by the leprosy inflammatory infiltrate (Paksoy 1987) . This difference may be caused by the higher proportion of MB patients selected in the latter study.
Morphological alteration of the cutaneous nerve branches on account of the inflammatory infiltrate is an important diagnostic marker for leprosy in the skin biopsy. However, recognition of the small nerve fibres in H&E-stained sections is difficult, especially when there is appreciable inflammation (Ridley & Jopling 1966) . This finding reflects the need for special techniques, such as immunohistochemistry, to identify the fibres in the deep and superficial plexuses and to identify their remnants in granulomas (Antunes et al. 1997 , Jain et al. 2000 .
After the MDT, recovery of the damage at the histopathological level is variable, but is present in most cases when assessed with the resolution of granuloma (Mathew et al. 2004 , Prasad et al. 2005 . Follow-up biopsies from 26 patients with skin patches that were taken after sixeight months of treatment showed healing of the lesion or reduction in the infiltrate in most cases (Agarwal et al. 1990 ). However, of 17 patients with borderline tuberculoid leprosy that showed no evidence of Schwann cells or of axons under S-100 staining at diagnosis, Jain et al. (2000) only observed Schwann cells in two biopsies that were taken after the MDT, suggesting that once nerve damage is established, it is refractory to treatment.
The lack of significant differences between the CNORs registered in both sequential biopsies suggests that sensory function recovery in leprosy may not all be caused by neural regenerative activity. Sensory function could be reestablished because of remission of the leprosy inflammatory process during treatment, which improves the sensory function of the trunk and cutaneous nerve fibres. Previous studies have demonstrated the effectiveness of MDT for resolving the inflammatory infiltrate in the cutaneous nerves, particularly if an antiinflammatory drug, such as clofazimine, is added to the scheme (Prasad et al. 2005) .
The regenerative capacity of unmyelinated fibres is higher than those of myelinated fibres. In addition, regeneration of the large myelinated fibres takes longer on account of the additional need for remyelination (Chen et al. 2007 ). This need accounts for the higher frequency of recovery of thermal and pain sensations that we observed compared to the recovery of tactile function. However, M. leprae-induced demyelination and axonal damage resemble peripheral nerve injuries in Wallerian degeneration, in which Schwann cells rapidly proliferate and promote the regeneration of injured nerves (Rambukkana et al. 2002) . a: sensation of monofilaments 1-4 (300-0.2g) was considered as hypoesthesia; b: calculated by grouping abolished and hypoesthesic into impaired for comparison with normal tactile sensation due to 0 values; NA: not available (no nerves were observed in the sections). As shown in the present study, MDT has a variable influence on the recovery of sensory impairment in the cutaneous lesions of LPs. Nociception and cold thermosensation were the most impaired and the most commonly recovered sensory functions, but tactile sensation was the only modality that recovered completely. This sensation recovery appears to be more associated with the subsiding inflammatory process.
Open-ended perineurial sleeves of simple sensory nerve formations and branching ending in connective tissue, as well as the naked nerve endings in the skin, provide distal continuity of the endoneurial microenvironment with the surrounding extracellular tissue space. The interactions of Schwann cells, axons, macrophages and inflammatory cells via cell-cell and cell-matrix signalling regulate the permeability of the blood-nerve interface in the tissue. Inflammation induces vasodilation and increased vascular permeability in the peripheral nerves and alters the cell population and matrix components. The homeostasis of the environment is modified, in turn and consequently, the impairment of the impulse conduction is impaired (Schepers & Ringkamp 2010) . MDT is known to kill the bacilli, which leads to a focal remission of the inflammatory infiltrate. Therefore, in contrast to the expected nerve regeneration, remission of the inflammation seems to be the most prominent factor in restoring cold thermosensation and sensation following mechanical noxious stimuli.
The quality of sensory outcome following nerve repair is difficult to objectively quantify. Further research is required to quantify the functional sensation of skin lesions and to establish the reliability of the evaluation of the different components of sensory function (thermal, pain and tactile functions) in relation to the pathologic features of biopsies.
